We report a correlation between the scattering value "Aq" and the ISO standardized roughness parameter Rq. The Aq value is a measure for surface smoothness, and can easily be determined from an optical scattering measurement. The correlation equation extrapolates the Aq value from a narrow measurement range of ±16° from specular to a broader range of ±80°, corresponding to spatial surface wavelengths of 0.8 µm to 25 µm, and converts the Aq value to the Rq value for the surface.
INTRODUCTION
Fabrication of very smooth steel surfaces is a long and costly process requiring several machining tools and polishing steps. Characterization between each step is necessary to obtain the best finishing and thus with in-line characterization the fabrication time can be shortened. Several techniques exist for roughness characterization 1, 2 and different methods might be beneficial at the various process stages. However, it is not straightforward to compare roughness values obtained from different instruments, as they have different measurement bandwidths of the roughness features 1, 3 , which is often not considered when comparing roughness values 2, 4 . Hence, comparing values measured by different instruments require a study of the correlation between the instruments.
We have previously shown a comparison of three optical instruments 5 , which were analyzed for their effective measuring bandwidth and compared in terms of the ISO standardized roughness parameters Rq and Rdq 6 , along with an industry standard for surface smoothness Aq 7 . The "R" parameters were calculated as defined in ISO 4287 6 , which also defines two bandwidth filters for the calculation: a long-pass wavelength filter (λs) to remove noise, and a short-pass wavelength filter (λc) to cut-off the long ranged form factor of the sample. These filters were used to restrict the bandwidths of each instrument, to ensure the instruments were only compared within a common bandwidth. The parameters and filtering effects are illustrated in Figure 1 . The Aq value is defined in the VDA2009 standard 7 , maintained by the German Association of the Automotive Industry (German abbreviation: VDA). It describes the beam broadening due to scattering from surface roughness; hence a large Aq value indicates a rough surface with significant scatter. Figure 1 : Illustration of the ISO 4287 roughness calculations, with the equations for the parameters: Rq (root-mean-square profile) and Rdq (root-mean-square slope). The primary profile is filtered with a noise and cut-off filter to obtain the roughness profile (not shown) and the waviness profile. The sampling and evaluation lengths are given from the width of the cut-off filter (λc).
The three instruments in the previous comparison were: a laboratory scatterometer which measures the Bi-directional Reflection Distribution Function (BRDF), a simple commercial scatterometer with a restricted opening angle and lower resolution (OptoSurf OS 500-32, OptoSurf GmbH, Germany), and a confocal optical profiler which acquire a 3D image of the surface. The three instruments were compared pairwise as they did not all evaluate the same parameter. The BRDF and confocal instruments were compared by both the Rq and Rdq parameters, and the BRDF and OptoSurf by the Aq parameter. A one-to-one correlation was found between the instruments, when applying the correct bandwidth filters. Additionally, we presented a relation between the Aq and Rq values, enabling the calculation of the Rq value from any Aq value 5 . This is advantageous since the Aq value can be measured very rapidly by optical scattering, while the Rq value often requires a slower tactile instrument.
In this work, we extend the analysis of the Aq value to surfaces with an arbitrary interface layer. In the previous analysis the surfaces were thoroughly cleaned and all scattering assumed to originate from the surface structures of the sample. However, during metal processing a cutting fluid is normally used to ensure cooling and lubrication, this is often an oilwater emulsion 8 . These lubricants have to be removed before inspection, since any residues will significantly affect the measured values. It can be a challenging task to completely remove the lubricant 9 . In this work, we study the effects on the scattering distribution and Aq value when the steel surface is covered with a thin liquid film. By compensating for the liquid film instead of removing it, it will be possible to avoid a thorough cleaning of the sample before each inspection, by instead rinsing with fresh working fluid to remove swarf and other contaminants. This would decrease overall processing time, and facilitate easier in-line inspection. The liquid film is assumed homogeneous, containing no particles, having a flat surface, hence covering all roughness features, and with complete filling of the roughness structures.
THEORY
In this section we consider how the angular scattering is altered due to the arbitrary interface layer. The general theory of optical scattering and BRDF spectra is described in 4 .
For a clean surface the incident light is scattered into an angular spectrum quantified by the BRDF air spectrum, see Figure 2a , where the Rayleigh Rice theory assumes that the surface consists of a superposition of infinitely many sinusoidal structures, each resulting in a diffraction pattern given by the diffraction equation:
where θ s is the scattering angle, θ i the incident angle, λ the wavelength of the light, and f the spatial surface frequency. With a liquid interface layer between the air and sample the interesting spectrum is BRDF liq+air since this is the observable spectrum one would measure for the sample. The changes to BRDF liq+air compared to BRDF air can be divided into field and angular effects, where the angular effects are comprised of two main factors: The liquid scattering angles, θ s,liq , decrease due to a compression of the light wavelength inside the liquid, given by: λ = λ 0 /n, where λ is the wavelength inside the medium, λ 0 the wavelength in vacuum, and n the refractive index of the medium. For a typical metal working liquid with a refractive index of 8 1.45, the wavelength of the light from the OptoSurf instrument changes from 674 nm to 462 nm inside the film. From Equation (1) it is seen that this results in a tapering of the scattering pattern. The second effect, refraction at the liquid-air interface, is governed by Snell's law:
which for n liq >n air results in increased angles, hence a broadening of the scattering spectrum. Conveniently, the tapering and broadening of the spectrum cancels each other out, as seen when combining Equation (1) and (2) 
This shows that the observed scattering angles are not affected by a liquid film on the sample. However, if the film contains contaminants such as particles or emulsion droplets, these will scatter the light independently of the surface and lead to an overestimated roughness value. The liquid must also have a flat surface parallel to the sample plane, otherwise the refraction angles will be different. Even though the final scattering angles θ s,liq+air are identical to θ s,air , the detection position will change slightly due to the smaller horizontal displacement when traveling in the liquid. However, if the layer is thin compared to the detector-sample distance this effect is negligible.
The two main factors influencing the intensity changes are: reflection losses at the interfaces, and absorption in the liquid. The reflection losses at the air-liquid and liquid-air interfaces are determined from the Fresnel equations, while the change in reflection intensity from the sample is calculated from the change in Q factor (a more general form of the Fresnel reflection, see detailed description in 4, 10 ). Transmission through the liquid is given by Beer-Lamberts law: T = 10 -µl , where µ is the attenuation coefficient of the liquid, and l the path length. All three factors are angular dependent, although the angular variation is small as seen in Figure 3 . The total intensity relative to the intensity reflected from a clean surface, r total , is determined as 11 : 
where R i and T i are the Fresnel reflectance and transmittance, Q i the Q-factors, while the subscripts refer to the interfaces. 
EXPERIMENTS

Aq-Rq relation
The BRDF spectrum of the clean samples are measured with two instruments: a laboratory scatterometer which can measure one side of the scattering spectrum with a resolution of 0.01° (termed the "BRDF instrument"), and a small commercial scatterometer to be referred to as the OptoSurf, which evaluates the range from -16° to 16° from specular, but only with 1° resolution. For detailed description of both instruments and the samples, we refer to 5 . From the high resolution BRDF spectrum the roughness parameter Rq is calculated based on the Rayleigh-Rice theory 4 , and this value is compared to the Aq value measured with the OptoSurf. Previously we have shown the correlation between the BRDF Aq and BRDF Rq values 5 , while here we present a relation between the BRDF Rq and the OptoSurf Aq values, see Figure 4 . This relation is probably more interesting, as an efficient setup would be to use the rapid measuring OptoSurf to determine the Aq values and then calculate the corresponding Rq values. The correlation is composed of two linear regimes: one for smooth surfaces with Aq < 4.5 and one for rougher surfaces with Aq ≥ 4.5. The reason for the two regimes is not known, but might be due to a transition from mainly specular to more diffuse scattering. Both regimes are fitted with linear relations (y=ax+b) using least squares, with the resulting coefficients: a smooth = 5.38, b smooth = -7.68, a rough = 0.258, b rough = 19.7. As expected, the coefficients are similar to the ones obtained in 5 .
The complete conversion from the OptoSurf Aq value to the Rq value, including extrapolation of Aq values as described in 5 , is performed with a mean absolute deviation of 2.4 nm for the smooth and 6.6 nm for the rough regime, corresponding 12 to 95 % confidence intervals of ±4.3 nm and ±14 nm. The input OptoSurf Aq values are measured in the range ±16°, while the final Rq values correspond to a bandwidth of spatial surface wavelengths from 0.8 µm to 25 µm. Since the analyzed samples are made of various grades of steel and using several different fabrication methods, the relations are expected to be valid for most steel surfaces with one dimensional structures, such as the parallel grooves produced from milling or uni-directional polishing. 
Liquid interface layer
To determine the effects of a liquid interface layer, the scattering intensity of the exact same position on each sample was measured, with and without a liquid film. Measurements in the same position were achieved by fixing the OptoSurf above the sample, and then measuring the angular scattering distribution of the clean surface and after applying a thin layer of liquid. Two liquids were used: pure distilled water with a refractive index of 13 1.33 at 674 nm, and a glycerolwater mixture of 86 wt% with a refractive index of 14 1.45 at 674 nm, as this corresponds to typical metal working fluids 8 . Since stainless steel is naturally only weakly hydrophilic, the samples were made more hydrophilic by oxygen activation, achieved with a 90 s exposure to oxygen plasma (Plasma Cleaner Atto, Diener electronic GmbH, Germany), which resulted in a good spreading of the liquids. In an industrial setup, this treatment could easily be circumvented by covering the entire sample surface with liquid to provide a flat surface. The samples G1-G3 were covered with the glycerol-water mixture, while W1-W3 was covered with the water film. Figure 5a shows the raw scattering intensities from four typical samples, with and without a liquid film, while Figure 5b show the ratio I liq /I clean . A substantial intensity change is seen due to the liquid film, much larger than the approximately 20 % anticipated from Figure 3 . The decrease is significantly larger in the center compared to the wider scattering angles, and for most samples the angular intensity actually increases for the larger angles. These data reveal that other effects must be present, besides the reflection and transmission losses already considered. One possible effect is intensity changes could be due to interference in the liquid film, which would occur if the film is thinner than the coherence length of the light source. To test this, the thickness of the liquid film, t liq , was estimated from confocal measurements (Sensofar PLu Neox, Sensofar Tech, Spain) to 300 µm, although this value might change drastically between experiments. The coherence length of the OptoSurf LED light source was determined to 15 : L c = 2ln(2)/π · λ 2 /Δλ FWHM = 8.5µm, with λ and Δλ FWHM measured using a spectrometer (USB2000+VIS-NIR-ES, Ocean Optics Inc., USA). For t liq ≫ L c interference patterns should not occur in the film, and for interference effects one would also expect more gradual intensity changes than e.g. seen from sample G1 in Figure 5b . Since the theory cannot explain the measured intensity changes, it might be due to unknown effects in the OptoSurf instrument. The r liq/clean ratio seems to follow the shape of the spectrum, and when comparing r liq/clean and the I liq value for each point we notice a tendency for the data points, see Figure 6 . For the most intense points, corresponding to the center angles of -1.5° to 1.5°, r liq/clean is generally small compared to the less intense points at larger angles, and there is a slight linear increase with intensity. The outer angles also follow a linear trend from the intensity, although with a different slope. Such correlations should not arise from interference, instead it is suspect that the two regimes relate to the beam shape of the light emitted from the OptoSurf. We previously found 5 that the OptoSurf beam did not resemble a single Gaussian beam, but instead matched a superposition of three Gaussian functions. Two of the functions described an intense center beam while the third function described a broader and less intense beam. In Figure 6 the center beam and the broad outer beam is seen as two regimes of linear correlation, and then the transient points at ±2.5° which are outliers. By fitting both regimes with linear relations, a conversion equation to compensate for the liquid film and reconstruct the scattering spectrum of the clean surface is found. The conversion consists of three equations: for the center and for outer beam and the intermediate points at ±2.5° which are compensated with the average factor from the two linear relations. The complete equations are: 
where I liq is the intensity measured with a liquid film, I comp,x the compensated intensity corresponding to a clean surface, and φ the detection angle in the OptoSurf.
Using these relations the liquid measured intensities is converted to the corresponding clean values, and from this the "true" Aq value of the clean surface determined. Figure 7 shows the clean and compensated angular intensities for the six samples, while Table 1 compares the corresponding Aq values. Most of the compensated intensities match reasonably well with the clean measurements, although S1 deviates significantly in the center values. However, the compensated Aq values, Aq comp , are all close to the measured Aq clean values, within an uncertainty of 5.7 % ± 6.1 % (mean deviation ± one standard deviation). However, it should be noted that this is only a preliminary investigation of the effects due to a liquid film, and more experiments are needed to confirm the conversion equation. In this study the conversion equation is also fitted and evaluated on the same data, and therefore biased towards a low deviation. 
CONCLUSION
An updated relation between the Aq and Rq values was presented, see Figure 4 , for previous version see [5] . Here the Rq-to-Aq relations are based on Aq values obtained with the OptoSurf instrument instead of the high resolution BRDF setup. This relation provides a more accurate conversion from the OptoSurf Aq values.
Furthermore, this manuscript has studied the changes in scattering intensities when measured on a surface with a thin liquid film, I liq , compared to a clean surface, I clean . To remove effects due to sample inhomogeneity, the two measurements were conducted in the exact same positions on the sample. The results showed an intensity change due to the liquid film, expected to relate to the shape of the beam emitted by the OptoSurf. The relation between I liq and I clean was determined, to hereby compensate for the liquid film and restore I clean from I liq . This enables the determination of the Aq value corresponding to a clean surface, from the angular scattering intensities of a surface covered with a thin liquid film, or another interface layer. Two liquids with different refractive indices were analyzed, and the presented compensation equation covers both liquids, since there were no notably differences between the two datasets. Hence the refractive index of the interface film does not seem to influence the conversion.
The compensation equation is two linear relations, one for the center beam corresponding to the angular range -1.5° to 1.5°, and one for the outer angles from ±16° to ±3.5°. The values at ±2.5° are the crossover points and are compensated using the average value from the two equations. The complete relations are seen in Equation (5). The compensated Aq values are within 5.7 % ± 6.1 % of the measured clean values, where 6.1 % represent one standard deviation. However, more experiments are needed to verify this correlation.
